 An algorithm is proposed to retrieve vertical profiles of CCN from lidar measurements 22  The potential of the algorithm is demonstrated with numerical simulations and observations 23  CCN retrievals from lidar are in good agreement with in situ measurements Abstract 26 The vertical distribution of aerosols and their capability of serving as cloud condensation nuclei 27 (CCN) are important for improving our understanding of aerosol indirect effects. Although 28 ground-based and airborne CCN measurements have been made, they are generally scarce, 29 especially at cloud base where it is needed most. We have developed an algorithm for profiling 30 CCN number concentrations using backscatter coefficients at 355, 532, and 1064 nm and 31 extinction coefficients at 355 and 532 nm from multi-wavelength lidar systems. The algorithm 32 considers three distinct types of aerosols (urban industrial, biomass burning, and dust) with 33 bimodal size distributions. The algorithm uses look-up tables, which were developed based on the 34 ranges of aerosol size distributions obtained from the Aerosol Robotic Network, to efficiently find 35 optimal solutions. CCN number concentrations at five supersaturations (0.07-0.80%) are 36 determined from the retrieved particle size distributions. Retrieval simulations were performed 37 with different combinations of systematic and random errors in lidar-derived extinction and 38 backscatter coefficients: systematic errors range from -20% to 20% and random errors are up to 39 15%, which fall within the typical error ranges for most current lidar systems. The potential of this 40 algorithm to retrieve CCN concentrations is further evaluated through comparisons with surface-41 based CCN measurements with near surface lidar retrievals. This retrieval algorithm would be 42 valuable for aerosol-cloud interaction studies for which virtually none has employed CCN at cloud 43 base because of the lack of such measurements.
Introduction
Atmospheric aerosol particles affect climate indirectly by acting as cloud condensation nuclei 46 (CCN) [Carslaw et al., 2010; Paasonen et al., 2013] . CCN are those aerosol particles on which 47 particle size distributions are not always bimodal in each measurement case, their size distributions 126 can be treated as a combination of fine and coarse modes with lognormal distributions, as widely 
i = f, c refers to the fine mode and coarse mode, respectively. The term lnσi is the mode width of 134 the i th mode. This general aerosol size distribution shape is adopted in this study to improve the 135 accuracy of the CCN retrieval. The sensitivity test regarding the response of CCN to the 136 assumption of bimodal size distributions is presented in Section 3.2.
137 Table 1 lists the typical ranges of the bimodal distribution parameters of the three types of can be transformed to parameters for the number concentration through the following relationships 142 [Horvath et al., 1990] :
As shown in Table 1 and Fig. 1 , the main difference between the three aerosol types is the ratio 146 of the volume concentration of the fine mode to the volume concentration of the coarse mode. 147 Both urban industrial and biomass-burning aerosols have a predominance of fine-mode fractions 148 while the coarse mode dominates for dust aerosols. 3.3.
162
The retrieval algorithm searches for the best combination of five values (σf, Ntf, rf, Ntc, rc) to 163 match inputs (β355, β532, β1064, α355, α532) by minimizing the following function: 
where Bf and Bc refer to the data bank pre-computed with (σf, rf, r) and (σc, rc, r), respectively,
178
where the intervals of σf, rf, and rc are fixed at 0.01, 0.002, and 0.01 µm, respectively, and where 179 σc is assumed known and taken from approximate solution based on the criterion in Eq. (4).
187
Step 2: Determine a smaller solution space of Ntf based on the approximate solution obtained in 188 Step 1. Repeat the procedure in Step 1 except use a smaller step width of 10 cm -3 for Ntf. Search 189 for the optimal solution of five parameters (σf, Ntf, rf, Ntc, rc). :
where S is the water saturation ratio, D is the droplet diameter, Dd is the dry diameter, σs/a = 0.072 222 J m -2 , Mw is the molecular weight of water, R is the universal gas constant, T is temperature and 223 equal to 298.15 K, and ρw is the density of water. Equation (6) describes the relationship between 224 the dry diameter and critical supersaturation for a selected hygroscopicity κ. Note that the Köhler 225 theory used for dust CCN activation is based on the assumptions that activation is solely controlled 226 by the amount of soluble salts in the dust aerosol and that it is not affected by water adsorption on 227 the dust surface.
228 Figure 2 shows the relationship between critical dry diameter and critical supersaturation for 229 each type of aerosol. Table 2 shows the critical radius (rc) at five critical Scs calculated using Eq.
230
(6). The critical radius for each type of aerosol in Table 2 shows that CCN retrievals are mostly 231 sensitive to particles with radii greater than 0.1 µm under normal atmospheric conditions, which 232 indicates that neglecting nucleation-mode particles has a weaker impact on CCN determination 233 than on the total aerosol number concentration retrievals.
234
It is noted that, to simplify the simulation, the impact of aerosol hygroscopic growth on the size 235 distributions is not considered. However, in real atmosphere, the aerosol size distribution is 236 affected by aerosol hygroscopic properties, especially when it is under high relative humidity 237 conditions or near cloud base. In this case, the wet size distribution should be corrected to the dry 238 size distribution by using the hygroscopic enhancement factor that is defined as
where RH is the relative humidity, r is the dry radius,   RH , r  refers to a RH-dependent aerosol Finally, the CCN concentration can be calculated as
Numerical simulations 249
Due to the lack of reliable collocated CCN and lidar measurements, evaluating the algorithm 250 is a challenging task. As the first step, the performance of the algorithm is evaluated using 251 simulated observations with different error characteristics. expensive are the calculations and the closer CCN errors approach zero. Moreover, the small SDs also small. Overall, the retrieval results shown in Table 3 attest to the good accuracy and stability 268 of the inversion algorithm for the three types of aerosols. 269 270 We test the sensitivity of the CCN retrieval to the assumption of the bimodal size distribution sensitive to errors in β1064, with β355 and β532 falling somewhere in the middle. It is also interesting 331 to note that the results are less sensitive to β355, β532, and β1064 at Scs ≤ 0.10%, but are more sensitive 332 to them at Scs > 0.10%. These results suggest that reducing uncertainties in the extinction 333 coefficients at 355 and 532 nm can effectively improve the CCN retrieval accuracy, while reducing 334 uncertainties in the backscatter coefficients benefits CCN retrievals at higher Scs. Figure 4 also 335 suggests that the retrieval results are sensitive to the position of the activation radius (denoted by 336 Sc). This effect is the most obvious for Type 2 aerosols. Retrieval uncertainties due to systematic 337 errors in α532 are much lower at 0.10% than at other Scs.
Sensitivity test of the assumed bimodal size distribution with error-free inputs

338
In addition, it is also clear that the impact of systematic errors in a given input parameter on 339 CCN retrievals varies with Sc as illustrated by the different signs of the slopes (positive or negative). (Table 6) . Fig. 7 , we can infer that aerosols 426 in this case are not dust but urban or biomass burning aerosols by virtue of the lidar ratio (Fig. 7a) , 427 the depolarization ratio ( Fig. 7b ) and the Ångstrӧm exponent (Fig. 7c ). The aerosol depolarization 428 ratio was less than 0.1 on this day, which indicates that using the Mie theory for CCN retrievals is Mean ± SD (%) 10 -0.1 ± 18.3 -0.9 ± 20.2 -4.5 ± 18.9 -5.3 ± 18.1 -5.1 ± 18.0 15 -3.3 ± 18.7 -4.1 ± 19.7 -7.5 ± 18.8 -8.2 ± 18.3 -8.0 ± 18.4 20 -6.9 ± 19.9 -6.9 ± 20.5 -8.9 ± 19.6 -9.3 ± 18.8 -9.0 ± 18.7 5 -0.8 ± 8.5 1.7 ± 15. 
